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Groundwater / Colloids / Microorganisms / Uranium /  far-field environments [6—8]. Microbes may directly or in-
Plutonium directly affect the transport and retardation of dissolved
actinides [9].

Colloidal transport of radionuclides is recognized as
Summary. Microorganisms may affect the long-term sta- a potential mechanism of migration and includes min-
bility and mobility of radionuclides disposed of in deep eral fragments, humic substances, intrinsic colloids, and
geological formations. Of particular concern is the associa-microorganisms [10—13]. Microorganisms fall within the
tion of radionuclides with subterranean microbial cells and.qoigal size range of 1nm to im, and can be trans-

their subsequent transport as biocolloids. We charactenzeéorted with bulk liquid flow [14]. In addition, biomass

the total microbial populations in two groundwater sam- . o
ples: one from the Culebra dolomite member of the Rusﬂeraccumulated on subsurface materials (biofilms) can gener-

Formation at the Waste Isolation Pilot Plant (WIPP), NM, ate biopolloids via detlachment. Micro_bial surfaces consist
and the other from the granitic formation at the Grimsel Of peptidoglycaritechoic acid layers with an overall nega-
Test Site (GTS), Switzerland. Culebra groundwater (ionictive charge due to hydrophilic anionic functional groups,
strength 28M, pH7) contained 514 1.08x 1 cells ml?, such as phosphate, carboxylate, and hydroxyl moieties, giv-
with a mean cell length of .G5+0.04pm and width of ing bacteria considerable ability to bind actinides [15-18].
0.58+0.02um. In contrast, low ionic-strength GTS ground- Free-living bacteria are mobile suspended particles that may
water (Q001 M, pH 10) contained.87+0.37x 10° cellsmi™,  haye g radionuclide-sorbing capacity higher than that of the
with a mean cell length of .50+£0.14um and width of g rounding mineral phases [19]. In this paper, we report
0.370.01pum. Adding appropriate electron donors and ac- the microbial populations in the groundwater of the WIPP

ceptors to the groundwaters facilitated the growth of aerobic . - .
denitrifying, fermentative, and acetogenic microorganisms.lf""r'erId (Culebra dolomite, WIPP, NM) and the Grimsel

Uranium biosorption was studied in two isolates from these 1€t Site (Switzerland) near-field, and the ability of se-

groundwaters, as well as several pure cultures from saline antgcted microorganisms to sorb uranium and plutonium thus
non-saline environments. Halophilic and non-halophilic bac-forming potential colloidal transport agents for radionu-

teria exhibited differences in the amount of U associated withclides.

the cells. Plutonium uptake bycetobacterium sp. isolated

from GTS varied from 30-145 pg of Pu mgdry weight of

cells.

Materialsand methods

Collection of groundwater samplesfrom Culebra
Introduction H19B Hydropad and Grimsel Site

A significant portion of nuclear wastes is expected to beThe WIPP is a US Department of Energy (DOE) facility lo-
stored in deep geological formations such as the salt decated 23 km northeast of Carlsbad, NM, licensed to demon-
posits at the Waste Isolation Pilot Plant (WIPP) repositorystrate the safe, permanent disposal of transuranic waste. The
and deep subsurface granite formations [1]. GroundwatewIPP facility is constructed 658 m below land surface in
is expected to be the principal medium for the migra-a bedded salt formation. One potential far-field transport
tion of radionuclides from the repositories. Bacteria existpathway for actinides is the Culebra dolomite member of the
in the groundwaters of the repository environments in-Rustler Formation. The Culebra is 14 m thick and lies about
vestigated: Grimsel, Switzerland; Stripa Mine, Sweden;200 m below land surface. The Grimsel Test Site (GTS) is
WIPP and Yucca Mountain, USA [2-6]. We have only a facility operated by the Swiss National Cooperative for
limited information on their influence on the mobiliza- the Disposal of Radioactive Waste (NAGRA). The GTS is
tion or immobilization of radionuclides in near-field and ~ 450 m below land surface in a granitic formation of the
R Swiss Alps. The GTS site serves as a research facility for the
* Author for correspondence (E-mail: gillow@bnl.gov). European radioactive-waste disposal concept.



770 J. B. Gillow, M. Dunn, A. J. Francist al.

Groundwater from the Culebra H19B hydropad was al-22]. In addition, using this technique, two isolates — one
lowed to run until clear of sediment and then collectedfrom GTS groundwater grown in fermenter medium, and
into precleaned (acid-washed and rinsed) and sterile (autane in sulfate-reducer medium — were identified using the
claved at 122C, 20 psi) 160-ml serum bottles containing BLASTN facility of the National Center for Biotechnology
2% v/v formalin. Precleaned sterile 1L glass bottles with Information.
polypropylene caps and teflon liners were used to collect
large volumes (10 L) of unpreserved groundwater. Ground
water from the GTS was collected from borehole BOMI
86.004. Water flowed through a stainless-steel extension otJranium uptake was examined in a pure culture isolated
the existing borehole sample port for 10 minutes at a freefrom the Culebra groundwater amended with succinate
flow rate of~ 300 mI mi?. Preserved and unpreserved wa- and nitrate (denitrifying culture “CDn”), and in aAce-
ter samples were collected. The groundwater samples wer@bacterium sp. isolated from GTS groundwater (cultured
packed on ice, and shipped to BNL via overnight delivery.in sulfate-reducer medium described above). For compari-
Upon receipt, the samples were stored at°C until fur-  son, we studied the following halophilic and non-halophilic
ther use. type strainsHalobacterium halobium (American Type Cul-
ture Collection (ATCC) 43214;lal oanaerobium praevalens
ATCC 33744, aHalomonas sp. (WIPP-1A) isolated from
the WIPP repository [6]Pseudomonas fluorescens ATCC
5524, andBacillus subtillis ATCC 27370 (from Dr. T. Bev-

Biosorption of uranium

Enumeration of total bacteria and their
size deter mination

Formalin preserved samples were brought to room tem
perature and an aliquot was stained with the DNA-specifi
fluorochrome %-diamidino-2-phenylindole (DAPI, Sigma

Chemical Co.) [20]. The bacteria in the samples were

counted and 50 cells were measured at 1:22000x mag-
nification using a Zeiss Axiophot microscope equipped for
epifluorescence microscopy and image analysis [6].

Effect of adding nutrientson the growth of bacteria

C,

eridge, U. of Guelph, Canada). The cultures were grown in
appropriate media at 302°C to late log phase, the cells
harvested by centrifugation at 50@Q, and washed 2
with the appropriate NaCl electrolyte at pH 5 (see Table 4 for
NaCl concentration). Cells were resuspended in electrolyte
(pH5.0) to an optical density (OD) of.8— 1.6 as meas-
ured at 600 nm, and purged with nitrogen. One milliliter of
a stock solution of uranyl nitrate (8 mM UMNO;),-6H,0),

pH 5.0, was added to each aliquot of cells to give a final
concentration of @ mM U (50,.g mI~t). The pH was main-

To study the growth capacity of the Culebra and GTS bac+ained at 5+ 0.2 using a Mettler DL-53 automated titrator.
teria, unpreserved groundwater was amended with three difce||s plus uranium were in contact at room temperature in
ferent nutrient media designed to Stimulate the grOWth Ofa nitrogen atmosphere for 90 minutesy after Wh|Ch 10 ml

(i) general heterotrophs, (i) fermenters, and (iii) denitri-
fiers. The media contained the following ingredients={g|
DI H,0): (i) peptone, 5, yeast extract, 1, ferric citratel,0
Na,SQ,, 3.24, CaC}, 1.8, KClI, 0.55; (ii) glucose, 5, NECI,
1, glycerol phosphate, 8, MgSQ-7H,0, 0.2, CaG-2H,0,
0.5, peptone, [, and yeast extract,. and (iii) sodium
succinate, 5, KHPQ,, 0.25, KNGO, 1. The pH of the media
were adjusted to.0, filter-sterilized (02 um), and added to
10 ml of groundwater to give a:1100 dilution. All manip-
ulations were carried out under anaerobic conditions in a N
atmosphere. Samples were incubated at 20C and exam-
ined by epifluorescence microscopy after 1 and 12 days.

In addition the populations of iron-reducing and sulfate-

was filtered through a.85um syringe filter into a plas-
tic vial and acidified with @ ml of conc. HCI. Uranium
was analyzed by ICP-AES (Varian Instrument Corp.). One
milliliter of the sample was preserved with 109swforma-

lin for bacterial-cell counts. The dry weight of the cells was
determined after drying at 992 °C overnight. A cell-free
brine solution at pH5 containing.®mM urany! nitrate in
the appropriate electrolyte was incubated for 90 minutes as
a control for chemisorption to the incubation vessel, filters,
and precipitation. Analysis of uranium afterd8 um filtra-
tion showed that all of the added U remained in solution.

reducing bacteria were examined in GTS groundwater samBi0Sorption of plutonium

ples only using the following media (gt DI H,0): sodium
acetate, 8, NH,CIl, 1.5, NaHPQ,-H,O, 0.6, ferric py-
rophosphate,.5 (for iron-reducing bacteria); sodium lactate,
3, NaSQ,, 2.25, KH,PQ,, 0.5, NH,CI, 1, CaC}-2H,0,
0.06, MgSQ-7H,0, 006, FeSQ-7H,0, 0.002, sodium cit-

A 2Ypy-nitrate standard (Isotope Products Laboratories
(Burbank, CA, USA), isotopic purity 99%) was diluted

to give a stock solution of .8x10®%M (0.4uCi/ml).
Plutonium-241 was used so that very low concentrations
(101 M) could be detected bg-liquid scintillation count-

rate, 03, yeast extract, 1 (for sulfate-reducing bacteria). Theing (LSC) using a Packard model A2550; interference from
samples were incubated at room temperature at the pH of th@eo-decay of the daughte¥:Am, was eliminated by pulse-

groundwater (D).

I dentification of cultures
The microbial population in the GTS groundwater, as re-

shape analysis. The oxidation state of Pu was not deter-
mined, however, at these low concentrations, at near neutral
pH, and in the absence of alpha-radiolysis it is likely that Pu
was in the pentavalent state. Plutonium uptakétstobac-
terium sp. (OD 04) was examined at a concentration of 1 to

ceived, was analyzed by polymerase chain reaction (PCR)5x 1072 M in 0.1% w/v NaCl, with a 15—20 minute equi-
amplification of 16S rDNA gene fragments, then sequencedibration time between additions. All manipulations were

by denaturing gradient gel electrophoresis (DGGE) [21,

done inside a gloved box using a Mettler DL-55 automated
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titrator. One milliliter aliquots were removed after each
equilibration period and reserved as-is or filtered (Im
nylon syringe filter (Whatman Autovial)) into a pre-weighed
22 mL glass vial. Samples were counted by LSC with 15 mL
of Ultima Gold XR scintillation cocktail and 4 ml water. Plu-
tonium was added to a cell-free brine solution to determine
chemisorption.

Results

Table 1 presents the chemical composition of Culebre

and GTS groundwater. Culebra groundwater had an ioni

strength of 28M, pH 7, while GTS water was.0012 M,

pH9.95. Table 2 shows the total number of bacteria, anc

the length, width, and volume of individual cells in Cule-

bra and GTS groundwaters. Culebra groundwater containe ; :

151+ 1.08x 1 cellsmi! and many large clumps of in- Fig. 1. Epifluorescence micrographs of (a) Culebra groundwater with-

organic material with a mean length 068+ 0.25um and out nutrient amendment, (b) after 288 hours incubation with the add-

a mean width of 224 0.14pm. This material is evident iti'on of gluco_s_eand ammo_nium chlori_de, (c) after 288 hoursincubation
. . . ith the addition of succinate and nitrate and (d) peptone and yeast

as large wregul_ar—shaped flocs (_Flg. 1, Panel A); the sm.’_:ﬂl;'maCt (1250 magpification).

rod- and coccoid-shaped forms in Panel A are the bacterial

cells with a mean length of. 95+ 0.04um and a width of

0.58+0.02pm. Table3. Growth of bacteria in Culebra groundwater in response to

The growth of the bacterial population in the Culebra various nutrient additions.

groundwater is given in Table 3. The number of bacteria in

unamended samples incubated aerobically or anaerobicallj/eament

did not increase. Adding nutrients to the groundwater incu-

bated under aerobic or anaerobic conditions increased their

numbers in 24 hours by two orders-of-magnitude, as shown

Hours?
24 288

Number of cellsml—*

" Anaerobic:
in Fig. 1 (B-D). Unamended 6.82+133x10°  1.19+0.19 x 10°
Heterotroph Medium 1.6640.13 x 10 1.4340.08 x 10
Denitrifier Medium 3.5840.22 x 107 4.37+0.61 x 107
Tablel. Chemical composition of Culebra and GTS ground- Fermenter Medium 1.87+0.11 x 107 6.624+0.53 x 10’
water [12, 23]. Aerobic:
] Unamended 6.394+1.84 x 10 n/a
Constituents Culebra GW GTS GW Heterotroph Medium 3.98+0.18 x 10° 9.85+0.93 x 10°
(Sample H17) (Sample B)
a Indl cases, the initial number of cellsml~* was 1.514-1.08 x 10°.
Na* 2300 031 b: Mean + standard error of the mean.
K+ 28 0012 n/a=not analyzed
Cca* 42 018
Mg?+ 74 <0.001
(H:I(:o; 2501) 8 233 In contrast, the GTS sample contained 3.97 +0.32 x
SO 77 011 103 cellsml~, and most had an elongated morphology.
lonic strength (M) s 0.0012 Adding nutrient increased the bacterial population within
%Eg: gﬁ?g’:ss (([:1“:%1'1)) gg‘;g 289 6 days. Fig. 2 shows the unamended sample (Panel A), the
Temp. (C) n/a 114 elongated rod-shaped bactgana in the groundwater (Panel B),
pH 7 995 and a sample amended with glucose and ammonium chlo-
: ride a 6 days (Panel C). A Clostridium sp. (Fig. 2, Panel D),
a: mM except where otherwise noted able to ferment glucose under anaerobic conditions, and an

b: [29].

n/a=not analyzed Acetobacterium sp., capable of using HCO;™ and H, for

Table2. Enumeration of the total bacterial population and measurements of individual cell size and volume.

Sample Total number of Length Width Volume Mean cell
cellsmr1a (jum) (wm) (wmd) shapé

Culebra 1514+1.08x 1C° 0.75+0.04 058+0.02 021+0.01 a77

Grimsel 397+0.37x 10° 1.50+0.14 037+0.01 019+0.03 024

a: Mean= standard error of the mean of 50 measurements.
b: Cell shape=width/length.
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Fig. 2. Epifluorescence micrographs of the Grimsel groundwater as
received (a) 1250x magnification (b) 2000x. (c) Sample amended
with succinate and nitrate incubated anaerobically for 6days, and
(d) afermentative anaerobic culture (Clostridiumsp.) isolated from the
groundwater (1250x magnification).

growth were isolated from glucose/ammonium nitrate- and
lactate/sulfate-amended groundwater, respectively.

Table4 summarizes uranium biosorption by the iso-
lates from Culebra and GTS, and by various halophiles
and non-halophiles. At pH5.0, the CDn isolate (0.90+
0.02 x 108 cellsml~?) removed 32% of the added ura
nium (180+10mgUg" of dry cells), and Acetobac-
terium sp. (3.554+0.11 x 108 cellsml~*) sorbed 21% (70 +
2mguU g™ of dry cells). Other cultures sorbed more ura-
nium, specifically H. halobium which removed 90% of the

added U. In genera more U was removed by microor-
ganisms from saline media (eg. 0.15pgUcell~* (CDn)
vs. 0.02 pgU cell-! (P. fluorescens))(Table 4). Determining
the amount of Pu taken up by Acetobacterium sp. (1.28+
0.12 x 108 cellsml—?1) was problematic due to significant fil-
terable Pu (~ 80%) (Table 5); the amount was an apparent
function of the Pu added. The maximum amount removed
was 145 pg Pumg~ dry cells. No decrease in uptake with in-
creasing Pu concentration was observed, therefore, the cells
can probably sorb more Pu (surface sorption sites were not
saturated).

Discussion

The size of the microbia cells in both the Culebra and
GTS groundwater falls within the boundaries set for col-
loids. Studies of the effect of bacterial-cell shape and size
on transport through columns packed with clean quartz
sand (0.75mm grain size) showed that the mean cell
length was greater in column’s influent (1 pum) vs. efflu-
ent (~ 0.5-0.7 um); however, cell shape was postulated
to be the most important factor governing transport (cells
eluted from a quartz sand column were more spherical
than those suspended in the influent) [25]. We observed
that Culebra cells were spherical, while those in the Grim-
sl sample were elongated and appear ailmost stalked (they
may have been attached to rock surfaces). Both ground-
waters can be considered oligotrophic (low-nutrient) en-
vironments; the cells' sizes most likely reflect this con-
dition. The length of starved cells of Shewanella alga
BrY in culture decreased from ~ 2.25um to ~ 1.0 um in

Table4. Uranium biosorption by groundwater and selected bacterial isolates.

Isolate Number of cellsml— Uranium added Uranium removed from Uranium association
Sol'n by cells? per cell®

pugmi-t pugmi—t pgcell-t

WIPP:

Culebra denitrifier CDn 0.90+0.02 x 108 429415 13.940.5 0.15

(5% w/v NaCl)® (32%)

Halomonas sp. (WIPP-1A) 22+03x10° 29.442.1 24.843.2 0.11

(20% w/v NaCl) (79%)

Grimsel:

Acetobacterium sp. 3.554+0.11 x 10° 56.8+0.5 12.0+0.8 0.03

(0.1% w/v NaCl) (21%)

Haloanaerobium

praevalens (ATCC 33744) 48+0.2x10° 46.44+2.0 33.94+15 0.07

(13% w/v NaCl) (73%)

Halobacterium hal obium

(ATCC 43214) 0.75+0.01 x 108 48.0+2.7 43.2+24 0.57

(25% w/v NaCl) (90%)

Bacillus subtilis

(ATCC 27370) 8.6+0.5x 10° 321 28.0 0.03

(0.6% w/v NaCl) (87%)

Pseudomonas fluorescens

(ATCC 55241) 1746 x 108 32.1 27.7 0.02

(0.6% w/v NaCl) (86%0)

a Number in parenthesisis percent of uranium biosorbed.

b: Uranium association per cell = uranium removed from solution by cells/number of cells per ml.
¢: Concentration of NaCl required for growth and in electrolyte used for biosorption experiments.
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Table5. Plutonium uptake by Acetobacterium sp. isolated from Grimsel groundwater.

21py concentration 21py Filter retentate

21py Filter retentate

21Py biosorbed 1Py association

1 (co[nl\t/lr]ol)a (cells)? " (agPucell )P

14+02x 107 11x107 13x 100 0.2 x 1010 15
(78%)° (92%) (14%)

2.6+0.4x 101 1.8x 1071 21x10% 0.3x 10 2.3
(69%) (81%) (12%)

4.8+0.6x 1072 3.8x 1071 n/d n/d n/d
(79%)

154+2x 107 11x 10 12x 107 1.0x10™% 7.5
(73%) (80%) (7%)

a Standard error of the mean < 0.1 x 107*° M, Biosorbed = cell retentate — control retentate.

b: 6.67 mg cellstested, 1.28+0.12 x 10° cellsml .

¢: Numbers in parentheses are the amount (% of total) of plutonium retained or associated with biomass.

n/d = not detected

9weeks [26]. We believe that because the samples were
collected from free-flowing groundwater, the cell sizes re-
ported are the best measurement of the population that
will be transported through the groundwaters at these two
Sites.

Bacteria in both groundwaters grew readily when nu-
trients were added. Previous studies of the microbial pop-
ulation (3x 10* cellsml=) in GTS groundwater identified
aerobic- and anaerobic-heterotrophs, including denitrifying
bacteria and iron-reducing bacteria [23]. Microbia popu-
lations in deep granitic aquifers, 70m to 1240 m, similar
to that at GTS have been studied at two sites in Sweden:
the Stripa research mine, and the Aspo hard rock labora-
tory [3, 4]. Microbes that use hydrogen as an energy source
and carbon dioxide as their sole carbon source (homoaceto-
gens and autotrophic methanogens) were metabolically ac-
tive down to 450 m. They were thought to be important due
to the lack of dissolved organic carbon at such depths, and to
their unique metabolic ability to thrive in the deep hydrogen-
driven biosphere. The Acetobacterium sp. described here
isolated from the GTS grows mixotrophicaly, using either
H, or organic acids, such as formate, similar to other mem-
bers of this genera[24].

Uranium biosorption by bacteria ranges from 6 to
450mgU gt dry weight at pH5 [27]. The quantity of U
sorbed by CDn, Acetobacterium sp., and other isolates var-
ied; a pH5, the carboxylate moieties at the cell surface
probably are deprotonated, and are responsible for sorption
of soluble cationic uranyl species. At a higher pH, uranium
exists as an organic complex or inorganic uranyl-carbonate
complex, the anionic forms of which do not biosorb. The
reasons for the differences in U uptake are not known;
there may be marked differences in the characteristics of
the cell-surfaces’ functional groups of the isolates due to
the extreme differences in ionic strength of the medium.
We observed that the cell surfaces of halophilic bacteria
appear to contain a greater density of anionic sites than
common freshwater microorganisms (Gillow et al. unpub-
lished results). Uptake of Pu was determined at very low
concentrations of the actinide. Only a fraction of the Pu
added was sorbed by Acetobacterium sp. at pH 5.0, consis-
tent with studies of growing cultures of halophiles at pHs

6 and 8 in which only 2.5 to 9% of the Pu was associated
with biomass [6]. Kudo et al. [28] examined the uptake of
Pu (10-Y" M) by sulfate-reducing bacteria and found that liv-
ing cells sorbed more than dead cells. This study shows that
the near- and far-field repository environments investigated
harbor viable microbial populations capable of actinide up-
take. Given the small size of the cells, once sorbed the
actinides may be transported as colloids. A quantitative as-
sessment of the sorptive species at a bacterial cell’s surface,
coupled with more thorough understanding of the specia-
tion, bioavailability, and stability of biosorbed actinides, at
various pHs and ionic strengths will be useful in determin-
ing the potential role of microbes in colloidal transport of
actinides.
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